Abstract Friedreich ataxia (FRDA) is caused by homozygosity for FXN alleles containing an expanded GAA triplet-repeat (GAA-TR) sequence. Patients have progressive neurodegeneration of the dorsal root ganglia (DRG) and in later stages the cerebellum may be involved. The expanded GAA-TR sequence is unstable in somatic cells in vivo, and although the mechanism of instability remains unknown, we hypothesized that age-dependent and tissue-speciWc somatic instability may be a determinant of the progressive pathology involving DRG and cerebellum. We show that transgenic mice containing the expanded GAA-TR sequence (190 or 82 triplets) in the context of the human FXN locus show tissue-speciWc and age-dependent somatic instability that is compatible with this hypothesis. Small pool PCR analysis, which allows quantitative analysis of repeat instability by assaying individual transgenes in vivo, showed age-dependent expansions speciWcally in the cerebellum and DRG. The (GAA) 190 allele showed some instability by 2 months, progressed at about 0.3-0.4 triplets per week, resulting in a signiWcant number of expansions by 12 months. Repeat length was found to determine the age of onset of somatic instability, and the rate and magnitude of mutation. Given the low level of cerebellar instability seen by others in multiple transgenic mice with expanded CAG/CTG repeats, our data indicate that somatic instability of the GAA-TR sequence is likely mediated by unique tissue-speciWc factors. This mouse model will serve as a useful tool to delineate the mechanism(s) of disease-speciWc somatic instability in FRDA.
Introduction
Friedreich ataxia (FRDA) is characterized by progressive sensory ataxia, dysarthria, reduced tendon reXexes, loss of position and vibration senses, and extensor plantar responses (Harding 1981; Bidichandani et al. 2006) . These neurological manifestations result from primary degeneration of the dorsal root ganglia (DRG), associated with axonal degeneration in the posterior columns, spinocerebellar tracts, and the corticospinal tracts of the spinal cord, and large myelinated Wbers in the peripheral nerves (Pandolfo and Koenig 1998) . In later stages, the cerebellum is aVected, but other regions of the nervous system remain unaVected (Pandolfo and Koenig 1998) . FRDA is an autosomal recessive disease caused by inheriting two copies of the FXN gene containing an expanded GAA triplet-repeat (GAA-TR) sequence in intron 1 (E alleles) . Approximately, 1% of the Indo-European population are heterozygous carriers of E alleles (Cossée et al. 1997) , and since de novo expansions of premutation to E alleles are rare, this results in an incidence of 1-2/50,000. E alleles are associated with a length-dependent deWciency of FXN transcript (Bidichandani et al. 1998; Ohshima et al. 1998) , and this manifests clinically with an earlier age of onset and rapid progression of disease in patients with longer E alleles (Dürr et al. 1996; Filla et al. 1996; Montermini et al. 1997; Monrós et al. 1997) .
E alleles show a remarkable degree of somatic instability in vivo (Sharma et al. 2002 . Small pool PCR (SP-PCR), a sensitive technique that permits the analysis of repeat lengths in individual molecules (genes) represented in a dilute sample of genomic DNA, showed that GAA-TR alleles are unstable in somatic cells in vivo. Instability of GAA-TR alleles in peripheral leukocytes initiated at ¸44 triplets, shorter E alleles (<250 triplets) showed a slight expansion bias, and long E alleles (>500 triplets) showed a signiWcant tendency to contract (Sharma et al. 2002; Pollard et al. 2004) . Indeed, somatic instability of borderline alleles (44-66 triplets) was critical for the development of disease .
Whereas, FRDA is the only disease caused by expansion of a GAA repeat sequence, several diseases, including myotonic dystrophy type 1 (DM1) (Fu et al. 1992; Brook et al. 1992; Mahadevan et al. 1992) and Huntington disease (HD) (The Huntington's Disease Collaborative Research Group 1993) are caused by abnormal expansion of CTG/CAG repeats at their respective genetic loci. Expanded CTG/CAG repeats show tissue-speciWc and age-dependent expansions in tissues aVected in the disease process (Anvret et al. 1993; Ashizawa et al. 1993; Thornton et al. 1994; Monckton et al. 1995; Wong et al. 1995; Martorell et al. 1998; Kennedy et al. 2003) . Indeed, several transgenic mouse models have been created to reproduce the somatic instability of CTG/CAG repeats seen in patients (Kennedy et al. 2003; Mangiarini et al. 1997; Lia et al. 1998; Wheeler et al. 1999; Fortune et al. 2000; Seznec et al. 2000; Kennedy and Shelbourne 2000; Lorenzetti et al. 2000; van Den Broek et al. 2002; Watase et al. 2003) . With some exceptions, these mouse models of instability also showed age-dependent, tissue-speciWc, expansion-biased repeat instability. Somatic instability did not correlate with the proliferative capacity of tissues, but was dependent on the Xanking genomic sequence context, and the genetic background of the host.
Not much is known about the somatic instability displayed by the expanded GAA-TR sequence in FRDA. For example, it is not known if somatic instability is age-dependent or if somatic instability of E alleles is diVerent in regions of the nervous system that undergo degeneration in FRDA. Given that somatic instability of borderline alleles was critical for the development of disease in patients , and the previous observation of progressive somatic instability in mice with CTG/CAG triplet repeats, we hypothesized that progressive somatic instability may also coincide with speciWc tissues showing pathology in FRDA. To investigate this we used two preexisting transgenic mouse lines with expanded GAA-TR alleles in the context of the human FXN locus (YG8 and YG22). They were previously reported to have germline instability, and conventional PCR analysis revealed increased "smearing" of the GAA-TR sequence using cerebellar DNA (Al-Mahdawi et al. 2004 ). DRG was not analyzed. We performed a detailed quantitative analysis of multiple tissues from both these mouse lines using SP-PCR. We found that the expanded GAA-TR sequence displays age-dependent expansions speciWcally in cerebellum and DRG. Our Wndings support the paradigm of progressive tissue-speciWc somatic instability of triplet-repeats in the etiology of disease-speciWc pathology, despite obvious diVerences in the sequence of the triplet-repeat, and the tissues that are aVected in individual diseases.
Materials and methods

DNA samples
Genomic DNA from all tissues (except sperm) was puriWed using the DNeasy tissue kit (Qiagen Inc.). Sperm DNA was puriWed using a protocol that exploits the diVerential lysis of sperm heads (used for DNA isolation) versus sperm tails and non-sperm cells (which were discarded), to ensure analysis of instability in the germline (JeVreys et al. 1994) . Multiple tissues were analyzed in YG8 (at 12 months blood, sperm, kidney, spinal cord, brainstem, cerebellum; at 2 months same tissues except kidney; DRG was analyzed at 3 and 14 months) and YG22 (at 12 months pancreas, heart, skeletal muscle, cerebrum, and cerebellum; at 2 and 5 months only cerebellum). All mice used were male of F3-F6 generations, with the exception of the 3 month YG8 mouse which was a female from F7 generation. All of the mice were derived from paternal transgene transmission, with the paternal age ranging from 2 to 7 months, i.e., younger than the age at which paternal intergenerational expansions were noted by Al- Mahdawi et al. (2004) . The YG8 2-and 12-month mice were derived from the same father.
Small pool PCR analysis
This was performed as described previously (Sharma et al. 2002) . BrieXy, serial dilutions of genomic DNA, ranging from 6 to 600 pg, were prepared in siliconized microfuge tubes. PCR was performed using primers 147F (5Ј-GAAGAAACTTTGGGATTGGTTGC-3Ј) and 602R (5Ј-AGGACCATCATGGCCACACTT-3Ј). PCR products were resolved by electrophoresis on 1% agarose gels, and bands detected by southern blotting using an end-labeled (TTC) 11 oligonucleotide probe. Calculation of the number of individual molecules per reaction was performed by Poisson analysis as described previously (Gomes-Pereira et al. 2004a, b) . For each genomic DNA sample multiple reactions were performed using "small pools" of 2.5-25 individual molecules (typically 5-10) per reaction to detect mutations. Mutation load was calculated as the proportion of ampliWed molecules that diVered by >5% in repeat length [i.e., only changes of >9 and >4 triplets for the (GAA) 190 and (GAA) 82 alleles, respectively, were considered as mutations] from the constitutional (most common) allele determined by conventional PCR. Although the resolution of our assay is less than what is achievable by GeneScan (ABI) analysis, the SP-PCR assay as performed will miss only very small changes that are less likely to be of any functional signiWcance.
Statistical methods
Comparison of medians was carried out using the Mann-Whitney U test, means were compared using the Student's t test, and frequencies were compared by 2 analysis.
Results
Tissue-speciWc instability characterized by expansions in cerebellum and DRG
The YG8 and YG22 mice were made by randomly integrating a YAC transgene containing the entire human FXN locus with a (GAA) 190 sequence (AlMahdawi et al. 2004) . Whereas the YG22 line has a single copy (GAA) 190 insert, the YG8 line has the (GAA) 190 transgene but also contains another YAC in tandem with a (GAA) 82 repeat tract. These transgenic mice were used to test tissue-speciWc instability of two lengths of GAA-TR sequences in the context of the human FXN locus. We used SP-PCR to analyze somatic instability of the (GAA) 190 tract in multiple tissues from 12-month-old mice derived from both transgenic lines (Fig. 1) . Over 2,000 molecules, representing individual somatic transgenes, were analyzed from each transgenic line [a total of 4,315 individual (GAA) 190 molecules]. Mutation load and the frequencies of expansion and contraction were measured for each allele in several tissues (see Materials and methods). While we did see some instances of expansion and contraction in most tissues, the (GAA) 190 sequence was most unstable in cerebellum and DRG (Fig. 1) . The mutation load in cerebellum was 20.4 and 39.4% in YG8 and YG22, respectively, and in DRG of YG8 it was 8.3% (DRG was not analyzed in YG22). By comparison, the combined mutation loads of the other tissues (i.e., excluding cerebellum and DRG) were only 1.4 and 4.3% in the YG8 and YG22 lines, respectively (P < 0.001 in both lines). Somatic instability in cells derived from actively proliferating tissues such as peripheral blood and sperm was also much lower than in the cerebellum and DRG (P < 0.001; Fig. 1) .
A signiWcant expansion bias was noticed in all tissues, with at least an eightfold greater frequency of expansions over contractions in both lines (P < 0.001 in both lines; Fig. 2 ). Again, most of the expansions were noted in the cerebellum and DRG, which accounted for 75 and 44% (92/122 and 68/154) of all expansions seen in the YG8 and YG22 lines, respectively. It is noteworthy that the same frequency of expansions was noted for the (GAA) 190 transgene in both YG8 and YG22 mice (P = 0.7; Fig. 2 ). The magnitude of expansions was comparable for the two lines (Fig. 3) , with maximum expansions in cerebellum of 50+ triplets noted in both lines (representing an increase of >30%). Similar instances of expansion by 50+ triplets, although less frequent than in cerebellum, were also noted for the (GAA) 190 transgene in DRG.
Somatic instability is age dependent
We compared the levels of somatic instability in tissues derived from young (2 month old; 2,400 individual molecules) versus old (12 month old; 2,000 individual molecules) YG8 transgenic mice (Table 1 ; note DRG was analyzed at 3 and 14 months). Through 2 months of age, the (GAA) 190 allele showed low levels of somatic instability (·1%) including in the cerebellum and DRG (Table 1; Fig. 4a ). The (GAA) 82 allele was completely stable through 2 months, indicating that repeat length determines the age of onset of somatic instability (Fig. 5) . In older mice, we noted a signiWcant increase in mutation load, which was mainly due to the accumulation of expansions. The (GAA) 190 allele showed a signiWcant age-dependent increase in the frequency of expansions in DRG and cerebellum (P < 0.001 for each tissue; Table 1 ). The (GAA) 82 allele showed a similar age-dependent increase in mutation load in cerebellum and DRG, which at 12 months was indistinguishable from the (GAA) 190 allele in terms of the proportion of mutant molecules [P = 0.12 for all tissues (Fig. 5) , and P = 0.36 for cerebellum only]. However, as opposed to cerebellum and DRG, low mutation loads (<2.5%) were noted for both alleles even up to 12 months of age in blood and sperm (proliferative cells), spinal cord (another region of the central nervous system), and kidney [the latter shows exceptional instability of CTG/CAG repeats in tissue and cells from transgenic mice (Mangiarini et al. 1997; Lia et al. 1998; Fortune et al. 2000; van Den Broek et al. 2002; Gomes-Pereira et al. 2001 )].
We then tested if the age-dependent increase in expansions seen in the cerebellum of YG8 mice was reproduced in the YG22 mice. The (GAA) 190 allele, which was only slightly unstable at 2 months (data not shown) and 5 months (4.3% of 325 individual molecules), by 12 months showed a signiWcant increase in mutation load (39.3% of 211 individual molecules; P < 0.001 compared with 2 or 5 months), and expansion bias (4.5-fold greater frequency of expansions over contractions; P < 0.001; Fig. 4b) .
As a semi-quantitative measure of the dynamics of expansion, we determined the "median rate of expansion" as previously described by Gomes-Pereira et al. (2004b) . The (GAA) 190 allele showed comparable median rates of expansion in YG8 cerebellum, YG8 DRG, and YG22 cerebellum (+0.33, +0.44, and +0.41 triplet per week, respectively). The cerebellar expansion rate of the (GAA) 82 allele was +0.21 triplet per N/a not analyzed, ML mutation load a DRG was analyzed at 3 and 14 months week, i.e., »40-60% less than the cerebellar expansion rate of the (GAA) 190 allele. Thus, despite similar frequencies of mutation, the slower rate of mutation resulted in smaller magnitude of cerebellar expansions of (GAA) 82 (median 10 triplets; range 4-25] versus (GAA) 190 [median 16 triplets; range 2-64] by 12 months of age (P = 0.05). These data indicate that the length of the repeat determines the rate and magnitude of expansion, but not the total number of molecules with mutations (indicated by the proportion of mutant molecules; Fig. 5 ). Furthermore, notwithstanding the limited resolution of our SP-PCR assay, our data indicate that the length of the repeat may also control the age of onset of instability.
Discussion
The observation of somatic instability in the central nervous system of YG8 and YG22 mice was previously noted as increased "smearing" upon electrophoresis of PCR ampliWed products (Al-Mahdawi et al. 2004 ).
Here, using the SP-PCR assay, we have performed a detailed quantitative analysis of the length-, tissue-, and age-dependent instability of the GAA-TR sequence in the context of the human FXN locus. We also demonstrate the coincidence of age-dependent increase in the frequency of expansions with diseasespeciWc tissues, comparable to what is seen in tissues derived from FRDA patients (I. De Biase et al. unpublished data). The lower level of somatic mutations seen in blood and sperm versus non-proliferative tissues such as cerebellum and DRG indicate that DNA replication per se is unlikely to be a major cause for the age-dependent expansions. This is consistent with similar observations indicating that DNA replication alone is unlikely to explain the age-dependent, tissue-speciWc expansions seen in transgenic mice carrying expanded CTG/CAG tracts (Kennedy et al. 2003; Mangiarini et al. 1997; Lia et al. 1998; Wheeler et al. 1999; Fortune et al. 2000; Seznec et al. 2000; Kennedy and Shelbourne 2000; Lorenzetti et al. 2000; van Den Broek et al. 2002; Watase et al. 2003; Gomes-Pereira et al. 2001) . It is still unknown if components of the mismatch repair pathway will play a critical role in the genesis of somatic instability in our mice as is known for instability of CTG/CAG repeats (van Den Broek et al. 2002; Gomes-Pereira et al. 2004a, b; Manley et al. 1999; Savouret et al. 2003) . What is striking is the remarkable diVerence in the tissue distribution of somatic instability displayed in mice carrying transgenes with expanded GAA or CTG/CAG repeats. The CTG/ CAG repeat, in several genomic contexts, consistently showed highest instability in kidney and the striatum, but very low levels of instability in the cerebellum (Kennedy et al. 2003; Mangiarini et al. 1997; Lia et al. 1998; Wheeler et al. 1999; Fortune et al. 2000; Seznec et al. 2000; Kennedy and Shelbourne 2000; Lorenzetti et al. 2000; van Den Broek et al. 2002; Watase et al. 2003) . In contrast, our mice showed the highest level of instability in the cerebellum (striatum was not analyzed), and kidney showed the least instability (in YG8 mice we found no detectable instability even at 12 months). The cause(s) for this diVerence remains unknown, but the selective involvement of disease-speciWc tissues (DRG and cerebellum in FRDA; muscle, brain and eyes in DM1; striatum in HD) is provocative, and suggests the role of cell type-speciWc, trans-acting factors that modify speciWc triplet-repeat sequences. In fact, Fortune et al. (2000) identiWed speciWc fractions of cells within the kidney that either had a tendency to expand with age or to remain stable. In our mice we observed that the length of the GAA repeat determined the age of onset of somatic instability and the rate of expansions, but not the proportion of mutant transgenes. This supports the notion that a speciWc fraction of cells initially develops expansions, which then subsequently continue to expand as the mouse ages, with longer repeats undergoing a faster rate of expansion. It should be noted that we saw maximal expansions that amounted to increases in length of 30-40%, and not the very large changes (300-500%) that others have seen in the CTG/CAG transgenic mice. However, this is consistent with what is seen in the corresponding human disease states; very large expansions are seen in somatic tissues of DM1 and HD patients (Anvret et al. 1993; Ashizawa et al. 1993; Thornton et al. 1994; Monckton et al. 1995; Wong et al. 1995; Martorell et al. 1998; Kennedy et al. 2003) , and in contrast our preliminary data from human autopsies show expansions in the DRG and cerebella in FRDA patients that typically represent length gains of 20-40% (I. De Biase et al. unpublished data).
The absence of large contractions in peripheral blood and sperm, commonly seen in FRDA patients (Sharma et al. 2002; Pianese et al. 1997) , is most likely due to the smaller size of the GAA-TR sequence in our transgenic mice (190 vs. >500 triplets in typical E alleles). In this regard, it should be noted that we observed an expansion bias in tissues from patients with alleles containing <250 triplets (Sharma et al. 2002 .
It is likely that the genomic context Xanking the GAA-TR sequence can modify its somatic instability, suggesting that there may be some cis-acting modiWers in addition to the above-mentioned trans-acting factors.
Integrating the entire human FXN locus along with the expanded GAA-TR sequence into the mouse genome at two "random" loci in the two transgenic lines resulted in a very similar distribution of expansions versus contractions, tissue-speciWcity of somatic instability, and the magnitude and rate of expansions. This suggests that the genomic context aVorded by the human FXN locus presents the necessary cis-acting elements for somatic instability in the appropriate cell type, and is perhaps not dependent on the mouse genomic sequence Xanking the site of transgenic integration. The absence of somatic instability in another transgenic mouse carrying a (GAA) 200 allele with very little Xanking sequence from the human FXN locus (Miranda et al. 2002) further supports the existence of cis-acting elements in the human gene. The appropriate Xanking genomic context was also required for somatic instability of CTG/CAG repeats. Somatic instability was either absent (Bingham et al. 1995; Burright et al. 1995; Goldberg et al. 1996; Ikeda et al. 1996) or highly dependent on the transgenic insertion site when very little or no human Xanking genomic sequence was used (Monckton et al. 1997) . Somatic instability of CTG/CAG repeats was consistently observed when either a large amount of human Xanking sequence was used or the repeat tract was speciWcally "knocked-in" into the homologous murine locus (Kennedy et al. 2003; Mangiarini et al. 1997; Lia et al. 1998; Seznec et al. 2000; Kennedy and Shelbourne 2000; van Den Broek et al. 2002) .
In summary, we describe a transgenic mouse model that shows progressive and tissue-speciWc expansions of GAA repeats speciWcally in the regions of the nervous system that show pathology in FRDA patients. We suggest that trans and cis-acting factors, likely independent of DNA replication, serve to regulate the tissue-speciWc and age-dependent somatic instability. This mouse model will serve as a useful resource to delineate the mechanism(s) of somatic instability seen in FRDA patients, and perhaps also as an animal model to test potential interventional strategies.
